We present new narrow-band filter imagery in Hα and [N II] λ6584 along with UV and optical spectrophotometry measurements from 1200Å to 9600Å of NGC 7293, the Helix Nebula, a nearby, photogenic planetary nebula of large diameter and low surface brightness. Detailed models of the observable ionized nebula support the recent claim that the Helix is actually a flattened disk whose thickness is roughly one-third its diameter with an inner region containing hot, highly ionized gas which is generally invisible in narrow-band images. The outer visible ring structure is of lower ionization and temperature and is brighter because of a thickening in the disk. We also confirm a central star effective temperature and luminosity of 120,000K and 100L , and we estimate a lower limit to the nebular mass to be 0.30M . Abundance measurements indicate the following values: He/H=0.12 (±0.017), O/H=4.60×10
Introduction
The Helix Nebula (NGC 7293) is one of the best known of all planetary nebulae (PN).
Its nearby location (d∼213 pc; Harris et al. 1997 ) and large angular size (angular diameter ∼960 arcmin) make it particularly attractive for detailed investigations of PN structure, morphology and composition. The well known ionized double ring of this evolved PN is surrounded by a massive molecular envelope which has also been studied intensively (Healy & Huggins 1990; Kastner et al. 1996; Cox et al. 1998 ). Recent observations with HST have showcased "cometary globules" extending radially outward from the nebular center, which presumably represent ablation from dense clumps that survived the PN event (O'Dell & Handron 1996) . Observations by Meaburn et al. (1998) also imply that the likeliest origin of these knots is the copious and dusty wind from the red giant precursor.
The central star of the Helix, a DAO white dwarf (Napiwotzki & Schönberner 1995) , is one of the hotter and more massive PN central stars. Recent temperature and mass determinations by Górny, Stasińska, & Tylenda (1997) yield T eff = 117,000K and M * = 0.93M . Abundances in the Helix have been studied by Hawley (1978) , by Peimbert & Torres-Peimbert (1987) and by Peimbert, Luridiana, & Torres-Peimbert (1995) . In the latter two papers it is classified as a Peimbert Type I PN, exhibiting enhanced N and He abundances. These composition enhancements accord with predictions that Type I PN arise from the presumably rare massive end of the PN progenitor spectrum. In addition, observations of the molecular envelope indicate significant C I, implying that the Helix is also C-rich Young et al. 1997) . This suggests that the third dredge-up has occurred.
To further our understanding of this uniquely accessible object, we have undertaken a detailed study combining spatially-resolved spectrophotometry at three locations with narrow-band, flux-calibrated imaging to create a unified chemical composition model of the Helix. Our modelling efforts have been guided by O'Dell's (1998) interpretation that the main body of the Helix is better represented by a thick disk rather than by a ring. The model nebulae which we construct are constrained by new surface photometry in Hα and [N II] λ6584. Abundance determinations follow the procedure employed in Henry, Kwitter, & Howard (1996) and 1998) and are carried out by combining Final-Archived IUE spectral data for three positions in the nebula with ground-based optical spectrophotometry of the same positions.
In the next section we present a description of data acquisition and reduction of the photometric and spectroscopic observations. In §3 we present our geometrically-tuned models for the Helix as well as the details of our abundance determinations. Section 4 contains a comprehensive discussion of the Helix and speculations about its progenitor star, while a summary is given in §5.
Observations and Reductions

Imagery
The imagery observations of NGC 7293 were taken on the night of 1988 December 2 UT using a focal reducing camera and Tektronix 800×800 CCD on the Palomar 1.5m telescope. The camera, developed by J. Hester, covers a 16-arcminute field at a resolution of 1.2 per pixel. The sky was photometric during the observations and the seeing was estimated to be ∼2-3 . Five images were taken through filters isolating Hα, [NII] λ 6584, and [SII] λ6717+31 emission lines, along with line-free continuum bands (100Å FWHM) around 6450Å and 7230Å. Details of the filters and exposure times are given in Table 1A .
In addition to these primary images, a series of flat-fields, as well as appropriate exposure dark frames, were taken of an illuminated dome screen through each of the five filters at the -5 -beginning and end of the night.
The images were processed in the usual manner for nebular CCD data using IRAF 4 .
Each of the five images was dark-subtracted and flat-fielded; then average sky levels were determined and subtracted. Photometry of ten unsaturated stars in the field was done on each of the images and used to determine scale factors for subtracting the combination of the two continuum images from each of the three emission line (+continuum) images. This produced images of the nebula in the light of the emission lines of Hα, [NII] λ6584, and
[SII] λ6717+31 only with most stars and (very weak) nebular continuum removed 5 .
Figure 1 shows our Hα image (without continuum subtraction) with the aperture locations for the UV and optical spectroscopy discussed below noted. The ground-based (KPNO) spectroscopy enabled us to calibrate the three emission line images to absolute surface brightness in the lines. The three KPNO slit locations were mapped onto the continuum-subtracted images and counts through each of the apertures extracted. These were compared to the absolute emission line fluxes from the spectra and calibration constants were derived for each image (in ergs/cm 2 /sec/pixel, where each pixel has an area of 1.44 arcsec 2 ). The agreement among the three locations between the counts and the spectral fluxes was good; the rms errors in the constants for the three positions were 12%
for Hα, 4% for [NII] , and 14% for [SII] . passing through the blue side transmission wings of the filter, but such contamination amounts to only a few percent for the worst cases when the [NII] line is comparable to Hα in strength.
Spectrophotometry
UV Data
The UV spectra were taken with the IUE satellite by R.J.D. during two observing runs in 1990-1991. UV slit locations and orientations for positions A, B, and C are shown with ovals in Fig. 1 , while the same information for the optical data discussed below are shown with rectangles. Positions A and B were chosen in order to study the brightened emission in the NE nebular section, while position C coincided with the bright SW region.
We obtained SWP and LWP spectra for positions A, B, and C. The slit position angle was 309
• for A and C and 322
• for B. All spectra are low dispersion and were taken with the large aperture (21. 7×9. 1). These data were later reprocessed as part of the IUE Final Archive 6 from which our measurements were taken. Table 1B lists the spectra along with their integration times. As an example of the UV data, Figs. 2A ,B display the SWP and LWP spectra of position B, where some significant lines are identified.
Optical Data
The optical data were obtained at KPNO during 7-9 December 1996 UT with the 2.1m telescope plus the Goldcam CCD spectrometer. The three slit positions were chosen so as to produce maximum overlap with the three IUE positions described above. We employed the Ford 3K × 1K CCD chip with 15µ pixels. We used a 5 -wide slit that extended 285 in the E-W direction, with a spatial scale of 0. 78/pixel. Using a combination of two gratings, 6 Spectra in the Final Archive have been systematically and uniformly re-processed by IUE staff using the NEWSIPS algorithms, and represent the best available calibration of these data.
we obtained spectral coverage from 3700-9600Å with overlap from ∼5750 -6750Å. For the blue, we used grating #240 in first order, blazed at 5500Å, with a WG345 blocking filter.
Wavelength dispersion was 1.5Å/pixel (∼8Å FWHM resolution). For the red, grating #58, blazed at 8000Å was used in first order with an OG530 blocking filter. This yielded 1.9Å/pixel (∼10Å FWHM resolution). The usual bias and twilight flat-field frames were obtained each night, along with HeNeAr comparison spectra for wavelength calibration and standard star spectra for sensitivity calibration. A summary of the observational details is presented in Table 1C .
The optical observations were made at three positions previously observed with the IUE and which are indicated in Fig. 1 . Since the position angle of the Goldcam slit is fixed at 90
• while the IUE slit position angle is not (cf. Figure 1 ), the quality of the overlap varies with IUE position angle; we note also that because of the 2:1 relative slit widths, the largest possible overlap of the Goldcam slit onto the IUE slit is ∼50%. Considering slit position angles and widths of the two data sets, we estimate the spatial overlap to be around 31%.
The original images were reduced in the standard fashion using IRAF. Employing tasks in the kpnoslit package, these two-dimensional spectra were converted to one dimension by extracting a specific section along the slit. Since the chip is thinned, it produces interference fringes visible in the red. In our red spectra the fringes appear at the ±1% level at ∼7500Å
and increase in amplitude with increasing wavelength: ±1.5% at 8000Å, ±4.5% at 8500Å, ±6% at 9000Å. However, even at their worst, i.e., at ∼9500Å, the longest wavelength we measure, the fringe amplitude reaches only about ±7%. Internal quartz flats were taken at the position of each object both before and after the object integrations in anticipation of removing the fringes during data reduction. As it turned out, however, more noise was introduced in this process than was removed; we therefore decided to leave the fringes untouched, and to accept this additional uncertainty in our line intensities longward of ∼7500Å. Our reduced optical spectra for position B are shown in Figures 2C,D , where again we have marked lines of interest.
Line Strengths
Strengths of all optical and UV lines were measured using splot in IRAF and are reported in Table 2A . Fluxes uncorrected for reddening are presented in columns labelled F(λ), where these flux values have been normalized to Hβ=100 using our observed value of F Hβ shown in the third row from the bottom of the table. These line strengths in turn were corrected for reddening by assuming that the relative strength of Hα/Hβ=2.86 and computing the logarithmic extinction quantity c shown in the penultimate line of the table.
Values for the reddening coefficients, f(λ), are listed in column (2), where we employed Seaton's (1979) extinction curve for the UV and that of Savage & Mathis (1979) for the optical.
Because of the imperfect spatial overlap between the optical and IUE observations, a final adjustment was made by multiplying the IUE line strengths for positions A and B by a merging factor that was determined from the theoretical ratio of the He II lines λ1640/λ4686. (Since He II λ1640 was unobserved at position C, no correction was made and we list the merging factor as unity.) The calculation of the merging factors is described in detail in Kwitter & Henry (1998) , and their values are listed in the last row of Table 2A .
The columns headed I(λ) list our final, corrected line strengths, again normalized to Hβ=100. Uncertainties in line intensities were ascertained by compiling a list of line ratios with values set by atomic constants. Table 2B shows the theoretical values of the line ratios in column 2 followed by observed ratios and percent differences in the next six columns. We note that these line ratios span the optical spectrum. Table 2A .
Results
Our two principal goals in this study are to: (1) use our imagery of the Helix to examine its gross physical properties including its morphology; and (2) derive accurate chemical abundances using our UV and optical emission line measurements at three positions in the nebula. We discuss these two analyses in the following three subsections.
Image Analysis -Density and Ionization Variations
Since the line-of-sight (LOS) reddening to the Helix Nebula is small, the Hα surface brightness at any point, S Hα , is proportional to the square of the electron density, N e , along the LOS path through the ionized medium in that direction: S Hα ∝ N 2 e dl. While the constant of proportionality involves atomic data and the nebular filling factor, in a real nebula the density varies along the LOS. Nonetheless, for a first approximation, we can make the oversimplification that the LOS through each point in the nebula has a constant density and filling factor, and then use the square root of the Hα surface brightness as an indication of the spatial variation in density across the nebula. Fig. 3 is a contour map of √ S Hα normalized to unity in the center of the the nebula. The contours show an elliptical appearance with the highest regions of surface brightness "density" located NNE and SSW of the central star (along PA's of ∼20
• & 215
• , respectively). Relative to the central "plateau" of the nebula, the "density" enhancements for the NNE and SSW bright rims are 1.6× and 1.5×, respectively. As is evident in Fig. 1 , these bright rims are also where our slit positions B and C are located. In addition, a hand-drawn fit to the contours in our Fig. 3 yields an ellipse with a major axis along PA=32±5
• and an inclination of 28±10
• .
While developing this paper we became aware of two notable studies of the Helix Nebula recently completed. The first, by Meaburn et al. (1998; hereafter M98) Our Hα imagery of the Helix agrees best with the "filled disk" model of O98. This is illustrated in Fig. 4 , which shows an inclined "surface map" view of the √ S Hα contour map shown in Fig. 3 (where north is to the bottom right and east is to the top right). In this representation, it is clear that the central part of the nebula consists of a "plateau" which suggest that they are the same physical phenomena as the CK, only that they are immmersed in the denser and lower-ionization ring. While it is possible that darker insides of the CK could be due to dust obscuration by elongated neutral globules, it is more likely due to bright rims expected from looking at a 3D bow shock structure extending nearly along the plane of the sky.
Whole Nebula Model
While on the sub-arcsecond scale the Helix Nebula is frightfully complex with density The models were produced in two steps. First, we calculated a spherical photoionized model nebula using the code CLOUDY version 90.04 (Ferland 1990) found by Górny, Stasińska, & Tylenda (1997) and a luminosity of 100 L , which is similar to the number found by Méndez, Kudritzki, & Herrero (1992) . The gas phase chemical abundances were set at the values derived later in §3.3, except in the case of nitrogen, which was set at 1/3 of its derived value in order to avoid overproducing [N II]. This discrepancy is currently unresolvable. Since we believe that the nitrogen abundances derived at positions A, B, and C below are reasonably precise, the fault must lie here with our whole-nebular models. These models apparently have the tendency to produce too much [N II] per unit of emission measure, forcing us to reduce the nitrogen abundance in order to match the surface photometry. Short of suggesting that all three of the slit positions for our spectroscopy happened to be coincident with nitrogen-rich knots, it is clear that more detailed modelling is necessary to understand this discrepancy. The mass ratio of dust to gas in the models was 0.018, while the filling factor was 0.55. The total gas density in the 135/315 model was 60 cm −3 throughout. However, in the case of model 24/209, the total density was Turning to model 24/209 (bold dashed line), the general shape of the observed Hα profiles, including the larger rise between 200-400 corresponding to our spectroscopic positions B and C (see Fig. 1 ), is matched but with a 35% overprediction at around 230 . In the lower panel, model 24/209 provides a nice fit to the observations except for the predicted low ratios beyond 400 . As noted above, the heightened emission between 200-400 was reproduced by raising the total gas density within this region. Doing this, however, caused the location of the ionization front to move inward, causing a drop in emission in both panels beyond 400 for model 24/209. Attempts to move the front out resulted in unacceptibly smaller peaks in both panels in the 200 -400 region. Finally, the X symbols in Fig. 6 correspond to values derived from our spectral data in Table 2 The bump between 200 and 300 of course corresponds to the brightened ring region of the Helix.
In conclusion, our disk model calculations for the Helix Nebula, inspired by O98 and produced by combining photoionization and LOS models, is consistent with much available imagery and spectrophotometric data, in particular those data for Hα surface brightness, 
Empirical Abundances
Abundances of He, C, N, O, Ne, S, and Ar at positions A, B, and C were derived by combining our spectra with a hybrid abundance method developed and employed in Henry, Kwitter, & Howard (1996) , and 1998) . The heart of the method is the use of a photoionization model to improve results from a five-level atom routine.
Briefly, we use a merged set of UV and optical line strengths and derive an initial set of nebular abundance ratios. We next construct a nebular model which is tightly constrained by several important observed diagnostics, and then calculate a second set of abundances based upon the output linestrengths of the model. The ratio of the actual model input abundances to the abundances inferred from model output provides a correction factor which is then applied to the original set of inferred abundances to determine the final set.
The above procedure can be expressed analytically for the abundance of one element X as follows:
I λ is the measured intensity of a spectral feature produced by an ion of element X, λ (T e , N e ) is the energy production rate per ion of the spectral feature λ, icf(X) is the ionization correction factor, i.e. the ratio of the total abundances of all ions of X to the abundance sum of observable ions, and ξ(X) is the model-based correction factor alluded to above. We now describe our procedural steps in greater detail. Table 2 . Values of are calculated using ABUN, which employs a five-level atom routine, using atomic data the sources for which are listed in Table 3A .
This program also calculates electron temperatures and densities. Quotients for observable ions are summed together and multiplied by the ionization correction factor (icf), where the ionization correction factors are calculated according to the following prescriptions taken from Kingsburgh & Barlow (1994) , with ion symbols, i.e. He +2 , implying number abundances:
icf(He) = He He +2 + He + = 1.0,
icf(Ne) = Ne
icf(Ar) = Ar Ar +2 = 1.87. contributions from uncertainty in atomic data were not included in the error analysis. We also caution that the actual uncertainty in the C +2 abundance at position C is greater than indicated, due to the absence of He II λ1640 at position C, which prohibited the determination of a UV-optical merging factor at that location. It is interesting to note that as distance from the central star increases in going from position A to position C, the abundances of higher ionized species, i.e. O +2 , Ne +2 , and S +2 , are seen to systematically decrease, while those of O + , N + , and S + appear to increase, as is expected because of the decreased density of ionizing photons in more distant regions of the nebula.
We thus derive a preliminary abundance for an element by summing the observed ion abundances for that element in Table 3B and then multiplying the sum by the appropriate ionization correction factor. correction factor ξ(X), defined as:
true model abundance apparent model abundance .
The correction factor ξ is a gauge of the accuracy of the use of the ionization correction factor method for determining abundances and helps correct abundances determined in the traditional method for effects such as charge exchange. The correction factor is determined by using CLOUDY 90.03a (Ferland 1990 ) to calculate a photoionization model which best reproduces a wide range of observed diagnostic line ratios. The line strength output by the model is then used as input to ABUN to derive a set of abundances, i.e.
the apparent abundances in eq. 3. These are compared with the input or true abundances for the model to yield ξ. In particular, the photoionization models for this segment of the abundance determinations were calculated for each slit position in order to reproduce as closely as possible the physical conditions observed along the line-of-sight. Our models were constrained by a set of 10 important diagnostic ratios constructed directly from observed line strengths. These 10 ratios are known to describe the physical conditions of a nebula quite well. Our goal for each of the three positions was to match each observed ratio to within 0.10-0.15 dex, consistent with observational uncertainties 7 . We assumed that the central stars were blackbodies and that the nebula had a uniform density with a filling throughout the nebula. Therefore, we decided to continue using the routine we have used in the three previous papers which are part of this series on PN abundances.
factor of unity. 8 The inner nebular radius was taken to be 0.032 pc for all models, but the outer radius was treated as a free parameter. In several cases the best matches to the observed line strengths were produced by truncating the model inside the Strömgren radius, i.e. the model nebula was matter-bounded. Other free parameters included the stellar luminosity, nebular electron density, and nebular abundances of helium, oxygen, nitrogen, carbon, neon, and sulfur. model input parameters: stellar effective temperature (T eff ), the log of stellar luminosity log(L), electron density (N e ), and the inner and outer nebular radii (R o and R; values of R which are less then the Strömgren distance, i.e. matter bounded models, are indicated with a footnote). These are followed by six input abundance ratios. (N.B. We emphasize that these abundance ratios are not our final abundances for each object, but are the abundances necessary to produce the best model.)
There are several important points about the model results that require discussion.
First, we note that these models represent the best-fit solutions to a specific line-of-sight position within a nebula; they are not models of whole planetary nebulae. Model parameters 8 While most PNe are known to have filling factors significantly less than unity, the only measurable quantity affected by the filling factor is the nebular luminosity, a parameter we are not using to constrain our models. Thus, using the same filling factor for all of the nebulae in no significant way influences our abundance results.
were varied to match quantities measured along a single line-of-sight where local conditions may have large effects on the line strengths. Thus, none of the values for these parameters is necessarily the same as the actual one. Rather, whole nebula properties are treated above in §3.2 using our narrow-band filter images.
We draw the reader's attention to the satisfactory agreement between observation and theory in all line ratios except the one associated with He II/He I for position C, where the model grossly overpredicts the line strength. This ratio is particularly sensitive to nebular excitation, as is the [O II]/[O III] ratio above it. Curiously, we were able to obtain a good match for the latter, as well as all of the other ratios at this position, suggesting that perhaps our measured line ratio is spurious. We note that the strength of the He II/He I ratio at the other two positions is much higher.
The correction factors ξ derived using our models and eq. 3 are given in Table 4B .
Since all but one of the values is less than unity, we conclude that generally the standard abundance method of using a 5-level atom calculation along with an icf results in values which are systematically too large, although never by more than a factor of two in the worst cases.
The one instance in which we deviated from the above procedure was in the case of the sulfur abundance for position A where [S III] was not measured. Here we used the relation between S + and S +2 derived by Kingsburgh & Barlow (1994) , i.e.
, to obtain an estimate of the S +2 abundance. We then determined a value for ξ from our model of position A using this same relation, and obtained a value for S/H. We checked the consistency of this method by applying it to positions B and C and found abundances determined in this way to be very consistent with those calculated using the method expressed in eq. 1.
Our final abundance results for the three positions in the Helix are given in Hawley (1978) , and O'Dell (1998), averages for a large sample of PNe by Kingsburgh & Barlow (1994) , abundances in Orion (Esteban et al. 1998) , and solar abundances from Grevesse, Noels, & Sauval (1996) . Uncertainties in all quantities have been determined by estimating contributions from the ionization correction and ξ factors and adding them together in quadrature along with uncertainties in ion abundances given in Table 3B .
We find the Helix Nebula to have a metallicity somewhat less than solar, as implied by (Harris et al. 1997) , is found by Perinotto (1991) to be 4.1×10 −4 , close to our value for the Helix.
We conclude, then, that O/H in the Helix is largely representative of the local ISM level.
With a mass of 6.5M (see §4), the Helix progenitor formed less than 100 million years ago, when the ISM metallicity would have been similar to its current level. Therefore, the agreement between the Helix and local ISM metallicities is not unexpected.
Our carbon abundances in Table 5 are the first of their kind published for the Helix.
The uncertainties for carbon are relatively large primarily because of the temperature is not too surprising that the two ratios should be the same everywhere. Our results seem consistent with that idea.
The main challenge in our abundance results is attempting to understand the origin of the very low S/O value. We find values roughly an order of magnitude below the KB average for PNe, the sun, and Orion. It should be noted that a few objects in the KB sample have levels of S/O similar to ours, and it is clear from the data that these low S/O levels in both the Helix and the KB sample are associated with relatively weak [S II] emission observed in all of these object. Because the ξ corrections are within 25% of unity, we are reasonably confident of our abundance method for deriving S in the Helix. Yet, since S and O are both produced in massive stars, the S/O level in a planetary nebula must represent the value which was present in the interstellar medium at the time that the PN progenitor formed. A depressed value of S/O in the ISM could have been present if, shortly before the Helix progenitor formed nearby, an evolved massive star had ejected material which was low in sulfur relative to oxygen. This nucleosynthetic mix is possible if the boundary between stellar core material which is to be ejected and the material which remains behind in the remnant, i.e. the mass cut, is more distant from the center of the massive star than normal (Nomoto et al. 1997) . However, such a reduced sulfur level should be accompanied by a similar reduction in argon, yet that is not inferred from our observations. Another possible explanation is that significant amounts of sulfur reside in ionization states above S +2 , i.e.
states which we could not observe directly or account for because of physical conditions unrepresented in our models.
In summary, the Helix Nebula appears to be a Type I PN with He and N enrichment and a metallicity consistent with that of the solar neighborhood as measured by other nebulae, although it is lower in metallicity than the sun. The level of carbon relative to oxygen in the Helix seems to be typical of what is seen in local PNe and H II regions, although C/O exceeds the solar value.
Discussion
The relative success of our whole-nebula models along with our abundance measurements of the Helix Nebula provide us with an opportunity to assemble a composite picture of the past and present of this nearby planetary nebula. These models suggest a central star of T eff =120,000K and a luminosity of 100L , implying a radius of 0.02R .
The values for T eff and L are very similar to published values quoted in the introduction, while the radius is consistent with the central star classification as a DAO white dwarf (Napiwotzki & Schönberner 1995) . Górny et al. (1997) estimate the mass of the central star to be 0.93M , which, when combined with the initial-final mass relation of (Weidemann 1987), suggests a progenitor mass of 6.5M , corresponding to a B5 main sequence star.
At its current distance the Helix progenitor would have appeared in our sky with a visual magnitude of 5.5, barely discernible with the naked eye. Its main sequence lifetime is estimated to have been 56 million years, using the information for stellar lifetimes in Schaller et al. (1992) . The dynamical age of the nebula is given by Górny et al. as 22, 200 years, based upon Harris' (1997) distance and a linear diameter of roughly 1 pc, implying an old planetary nebula and explaining its relatively low Hα surface brightness.
The results of our whole-nebula models support the disk morphology of the Helix proposed by O98. In this model the Helix Nebula is imagined to be a disk generally 0.33 pc in thickness which is inclined about 30
• with respect to the plane of the sky around an axis with a position angle of 22
• . The disk model and the visible presence of a ring of enhanced emission is consistent with the idea of an isotropic wind interacting with and being directed by a remnant red giant envelope which tends to be concentrated in an equatorial plane (see Balick 1987) . The inner region of the disk out to a radial distance of 0.2 pc contains hot gas heated mostly by photoelectric heating through dust in which the temperature exceeds 20,000K. This region is also dominated by highly ionized material such as He Beyond the inner region between 0.2 and 0.3 pc radially is the bright ring, the assumed interaction site of a fast stellar wind with the previously-ejected red giant envelope (Balick 1987) . Here our models indicate that the enhanced emission is explained by a near doubling of the disk thickness, producing a greater column density of material; an increase in particle volume density in this region is not suggested. However, in the bright regions where our spectroscopic observations were made, the enhanced brightness above the level of the ring is consistent with a density of roughly 120 cm −3 , i.e. double the surrounding value. The electron temperature in the ring is estimated to be around 9,000-10,000K, where the heating is no longer controlled by photoelectric processes but by photoionization. The ring region is dominated by He + , O +2 , O + , and N + .
Outside of the ring, the ionization level continues to drop, with the ionization front located at around 0.45 pc. Beyond this point, the gas is dominated by neutral atomic species. If we assume a disk radius of 0.6 pc, a total gas density of 60 cm −3 , a filling factor of 0.55 (inferred from models in §3.2), and a disk thickness of 0.33 pc, we estimate a nebular mass of 0.30M , which constitutes a lower limit, since presumably the nebular gas extends beyond the 0.6 pc distance. Assuming a progenitor birth mass of 6.5M and a stellar remnant mass of 0.93M , this implies that roughly 5.3M of stellar material is currently dispersed or otherwise unobservable.
Finally, to speculate a bit, during its lifetime, the progenitor of the Helix, given its mass, experienced three dredge-up phases (Iben 1995) . The first two took place while the star was on the red giant branch and early on the asymptotic giant branch, respectively, and deposited 4 He and 14 N in the envelope, while the third phase, which occurs late in the AGB phase, is characterized by thermal pulses and would have dredged up 12 C into the atmosphere. To the extent that hot bottom burning occurred, some of the 12 C would have been converted to 14 N during this phase, thus reducing the amount of the former in the envelope. According to stellar evolution models by van den Hoek & Groenewegen (1997) , hot bottom burning occurs in AGB stars of masses in excess of 5M . Therefore, the evidence presented here for minimal carbon enrichment and modest nitrogen enrichment is consistent with the hot-bottom burning prediction, assuming that the Helix progenitor's mass was 6.5M .
Summary
We have undertaken a comprehensive study of NGC 7293, the Helix Nebula, a study which had two goals: (1) 
A. Line-Of-Sight Integration
The observed nebular surface profiles shown in Fig. 6 were modeled in two steps. First, a photoionzation model (CLOUDY) using spherical symmetry was calculated by assuming a set of input nebular and stellar properties. Relevant output volume emissivities as a function of radial distance were then used as input to a separate program written by one of us (R.B.C.H.) which computed line-of-sight intensities at regular points in the nebula.
The program began by computing the pathlength S through the nebula of angular diameter Θ along a given line of sight located at an angular distance α from the central star 10 . Thus:
The pathlength S was then divided into 1000 equal segments, and beginning at the proximal surface of the nebula the program stepped along S through the gas, and at each point s added the emissivity contribution appropriate for the radial distance r:
where s is the distance within the nebula along the line-of-sight. This calculation was repeated at 10 intervals beginning at the central star and extending outward to the edge of the nebula. Adjustments were made for the empty nature of the region inside the inner nebular edge. However, because the Helix appears to be tipped by only about 30
• with respect to the sky plane, the small increase in line-of-sight pathlength which results was ignored.
10 Angular measurements are easily converted to parsecs or kilometers once the distance is known. In our case we assumed a distance to the Helix of 213 pc (Harris 1997) . Kingsburgh & Barlow (1994) e Abundances (gas+dust) for the Orion Nebula from Table 19 of Esteban et al. (1998) f Solar abundances from Grevesse, Noels, & Sauval (1996) 
